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Abstract

Purpose The objective was to confirm the anti-obesity

activity of a silk peptide (SP) and a silkworm pupa peptide

(SPP) in rats fed a high-fat diet (HFD) and to elucidate

their action mechanism(s) in a preadipocyte culture system.

Methods In an in vitro mechanistic study, the differentia-

tion and maturation of 3T3-L1 preadipocytes were stimu-

lated with insulin (5 lg/mL), and effects of SP and SPP on

the adipogenesis of mature adipocytes were assessed. In an

in vivo anti-obesity study, male C57BL/6 mice were fed an

HFD containing SP or SPP (0.3, 1.0, or 3.0%) for 8 weeks,

and blood and tissue parameters of obesity were analyzed.

Results Hormonal stimulation of preadipocytes led to a

50–70% increase in adipogenesis. Polymerase chain reaction

and Western blot analyses revealed increases in adipogenesis-

specific genes (leptin and Acrp30) and proteins (peroxisome

proliferator-activated receptor-c and Acrp30). The hormone-

induced adipogenesis and activated gene expression was

substantially inhibited by treatment with SP and SPP

(1–50 lg/mL). The HFD markedly increased body weight

gain by increasing the weight of epididymal and mesenteric

fat. Body and fat weights were significantly reduced by SP and

SPP, in which decreases in the area of abdominal adipose

tissue and the size of epididymal adipocytes were confirmed

by magnetic resonance imaging and microscopic examina-

tion, respectively. Long-term HFD caused hepatic lipid

accumulation and increased blood triglycerides and choles-

terol, in addition to their regulatory factors Acrp30 and leptin.

However, SP and SPP recovered the concentrations of Acrp30

and leptin, and attenuated steatosis.

Conclusions SP and SPP inhibit the differentiation of

preadipocytes and adipogenesis by modulating signal

transduction pathways and improve HFD-induced obesity

by reducing lipid accumulation and the size of adipocytes.

Keywords Silk peptide � Silkworm pupa peptide �
Adipogenesis � Obesity � Hyperlipidemia � Steatosis

Introduction

Obesity, characterized as an excessive accumulation of fat

in subcutaneous tissues or in abdominal cavity, has genetic

or environmental causes, and its prevalence is steeply
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increasing in developed countries [1]. Obesity is very

influential for various diseases including cardiovascular

disorders [2, 3]. High-energy intake-mediated obesity

induces radical reactions in various organs and tissues,

which cause tissue injury and dysfunction [4, 5]. In addi-

tion, obesity worsens the effects of diabetes mellitus in

80% of obese diabetics, and diabetes correlates with

abdominal obesity, with morbidity risk increasing by

40-fold and 60.9-fold in persons with a body mass index of

35 and [35 kg/m2, respectively. Furthermore, 60% of

obese individuals experience health complications due to

hypertension [6].

Although many risk factors of obesity include genetic

background, endocrine dysfunction, metabolic disorders,

low physical activity, inappropriate dietary habituation,

and stresses, excessive net intake of calories (energy) is the

major cause [7]. Interestingly, feeding pattern affects the

metabolic rate of lipids; for example, ad libitum or meal

feedings lead to different accumulation rates of triglycer-

ides (TG) in adipocytes by altering the adipogenesis and

adipolysis processes [8]. Especially, as TG synthesis occurs

in mature adipocytes, the differentiation and maturation of

preadipocytes to adipocytes are late-limiting factors for

adipogenesis and obesity. During lipid metabolism, very

low-density lipoproteins containing a high concentration of

TG are hydrolyzed by lipoprotein lipase (LPL) to inter-

mediate-density lipoproteins and low-density lipoproteins

(LDL), which are removed by hepatic LDL receptors [9].

Insulin resistance accompanying obesity inhibits LPL,

causing abnormal lipid metabolism in type II diabetes [10].

In spite of diverse factors inducing obesity, a high-fat diet

(HFD) is one of the most important causes [11].

In animals and humans, HFD increases adipose tissue in

the body, which has been considered to be suitable for

studies on weight control and mechanisms of obesity as a

dietary obesity model [11–13]. Unexpectedly in several rat

model studies, an HFD containing 20–40% fat caused

reduced feed intake, in addition to transient diarrhea,

leading to decreased body weight of rodents fed ad libitum

[14, 15]. C57BL/6 mice are a suitable model for induction

of dietary obesity and hyperlipidemia, resulting in

increased body weight [10, 16, 17]. D12451 and AIN94G

are two commercially available HFDs that contain lard and

shortening as fat sources, respectively [18, 19]. In the

present study, C57BL/6 mice were fed D12451 containing

candidate anti-obesity compounds, since D12451 induces

high fat accumulation and body weight gain of the animals

in a relatively short time.

Silk and silkworm pupa proteins have been ingested for

a long time, without adverse effects, in Asian countries.

Powder and extracts of silkworm (Bombyx mori) as well as

silk proteins have diverse pharmacological activities,

including improvement of hyperglycemia [20–22]. Also,

silk peptides (SP) produced by enzymatic degradation of

silk proteins regulate blood glucose and hyperlipidemia

[23]. In addition to antioxidant effect, SP not only lowers

blood cholesterol and TG, but also increases high-density

lipoprotein [21, 24, 25]. Notably, silk and silkworm pupa

amino acids reduced the body weight gain of resting and

exercising animals [26, 27], implying that silk and silk-

worm pupa proteins and their degradation products affect

lipid metabolism and body fat accumulation. It is of

interest to note that silk and silkworm pupa amino acids, as

nutrients, rather increased stamina in spite of their body

weight-controlling activity [26, 27]. Such results led us to

confirm the anti-obesity activity of SP and silkworm pupa

peptide (SPP), which were prepared by treating silk and

silkworm proteins, respectively, in a dietary obesity model

and to reveal the action mechanism(s) in vitro cultured

preadipocytes.

Materials and methods

Materials

SP and SPP (Worldway Co., Jeoneui, Korea) were attained

by enzymatic degradation of silk proteins and silkworm

pupa proteins by 0.5% Protease NP (Bioland, Chaonan,

Korea) and 0.5% Protease N (Amano, Nagoya, Japan) plus

0.5% Alcalase (Novozymes, Bagsvaerd, Denmark),

respectively, at 37 �C for 3 h, followed by lyophilization.

Cell culture and cytotoxicity

3T3-L1 preadipocytes (American Type Culture Collection,

Manassas, VA, USA) were cultured in Dulbecco’s Modified

Eagle’s Medium containing 10% fetal bovine serum [28].

The cells were seeded in wells of a 96-well plate (1 9 106

cells/mL), treated with SP or SPP (0.01–1,000 lg/mL), and

incubated at 37 �C for 24 h. Cytotoxicity was assessed using

a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan)

[29].

Differentiation of preadipocytes and adipogenesis

3T3-L1 cells in wells of a 96-well plate (1 9 106 cells/mL)

were treated with SP or SPP (1–50 lg/mL). Differentiation

was stimulated with a hormone sensitizer composed of

insulin (5 lg/mL), dexamethasone (0.25 lM), and isobutyl

methylxanthine (IBMX 0.5 mM) for 2 days, followed by

insulin alone for additional 4 days to stimulate maturation

[28]. The cells were fixed in a phosphate buffer containing

7% formaldehyde for 1 h and stained with 99% isopropa-

nol containing 1% Oil red O for 10 min. The fat synthe-

sized was quantified with an Adipogenesis Kit (#10006908;
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Cayman, Ann Arbor, MI, USA) at 490 nm after extracting

the Oil red O from the cells with isopropanol [28].

Gene expression and protein production

3T3-L1 cells in wells of a 6-well plate (1 9 106 cells/mL)

were treated with SP or SPP (1–50 lg/mL) and insulin for

differentiation and maturation, and then mRNA expression

of adipogenesis-related genes, leptin and Acrp30 (adipo-

nectin), was analyzed by reverse transcriptase-polymerase

chain reaction (RT-PCR) with optimal primers (Bioneer,

Daejeon, Korea) (Table 1). Production of peroxisome

proliferator-activated receptor-c (PPAR-c) and Acrp30

protein related to adipogenic cell signaling was ascertained

by Western blotting [28].

Animals and treatment

Six-week-old male C57BL/6 mice (mean body weight

20 g; Daehan Biolink, Eumseong, Korea) were housed in

an environmentally controlled room with a temperature of

23 ± 2 �C, relative humidity of 55 ± 5%, and an alter-

nating 12-h light (300 lux)/dark cycle, with pellet feed and

purified water available ad libitum.

SP and SPP were mixed in powdered HFD (D12451;

Research Diets Inc., New Brunswick, NJ, USA) containing

20.69% lard. The portions of casein matching the amount

(0.3, 1.0, or 3.0%) of SP or SPP were removed (Supple-

mentary Table 1). Control animals received a basal diet of

D12450B for 8 weeks ad libitum. Study protocols met the

guidelines of the Institutional Animal Care and Use

Committee (IACUC) of Laboratory Animal Center at

Chungbuk National University, Korea.

Feed intake and body and fat weights

Daily feed intake was recorded once a week for 8 weeks

after providing with HFD containing peptides. Feed con-

sumption was calculated by subtracting the remaining feed

from the amount provided 24 h ago. Body weight of ani-

mals was recorded everyday at 10:00, and epididymal and

mesenteric adipose tissues were weighed after killing fol-

lowing the 8-week treatment.

Size and distribution of adipocytes

Before killing, the mice were examined using magnetic

resonance imaging (MRI), and the distribution of adipose

tissue in abdominal transverse and coronal sections was

determined [30]. After killing, epididymal fat tissue was

fixed in 4% formaldehyde, and paraffin-embedded sections

were stained with hematoxylin-eosin. Using a light

microscopy (2009 magnification), the mean size of 10

adipocytes was measured using an image analyzer.

Hepatic lipid accumulation

Liver tissue sections were stained with hematoxylin-eosin

and examined for the lipid accumulation under a light

microscope.

Serum biochemical analyses

Serum was analyzed for TG, total cholesterol, and glucose

using a model 7180 blood chemistry analyzer (Hitachi

Medical Co., Tokyo, Japan). Serum leptin and Acrp30 con-

centrations were measured with radioimmunoassay (RIA)

using an animal leptin RIA kit (LINCO Research Inc., New

York, NY, USA) and a mouse adiponectin RIA kit (Milli-

pore, Billerica, MA, USA), respectively [10, 31, 32].

Statistical analyses

The results are presented as mean ± standard error and the

significance of difference was analyzed using one-way

analysis of variance followed by Tukey’s test at the level of

P \ 0.05. The analyses utilized SPSS statistical software

version 13.0 for Windows (SPSS, Inc., Chicago, IL, USA).

Results

Cytotoxicity of SP and SPP

In an in vitro CCK-8 test, SP exerted 20, 22, and 52%

cytotoxicity on 3T3-L1 preadipocyte populations at con-

centrations of 10, 100, and 1,000 lg/mL, respectively (data

Table 1 Primer sequences for

real-time RT-PCR
Gene Primer Amino acid sequences Product size (bp) Accession No.

Acrp30 Forward

Reverse

50-cgtcaatctcagcacttggg-30

50-atgtcttgaggctaggcggt-30
279 AF304466

Leptin Forward

Reverse

50-agctgcaaggtgcaagaaga-30

50-accgactgcgtgtgtgaaat-30
192 NM_008493

b-Actin Forward

Reverse

50-ctaggcaccagggtgtgatg-30

50-ctacgtacatggctggggtg-30
291 NM_007393
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not shown). By comparison, SPP exhibited only 15 and

32% mortality at 100 and 1,000 lg/mL, respectively.

Therefore, SP and SPP concentrations \100 lg/mL were

subsequently used in experiments concerning preadipocyte

differentiation, maturation, and adipogenesis.

Effects on preadipocyte differentiation

and adipogenesis

Treatment of 3T3-L1 preadipocytes with a hormone

sensitizer (insulin) increased adipogenesis by 50–70%

(Fig. 1). This hormone-induced adipogenesis was signifi-

cantly inhibited by treatment with SP (50 lg/mL) or SPP

(C10 lg/mL).

Effects on gene expression and protein synthesis

In RT-PCR analysis, mRNA expression of adipogenesis-

specific leptin and Acrp30 (adipocyte-derived cytokines)

was markedly increased by insulin inducer (Fig. 2A). SP at

1 lg/mL remarkably suppressed leptin expression, but was

ineffective on Acrp30. However, a high concentration

(50 lg/mL) of SP inhibited the expression of both leptin

and Acrp30 mRNA. In comparison, SPP (1–50 lg/mL)

suppressed the expression of both leptin and Acrp30,

indicative of a higher activity than SP at low concentra-

tions. Western blot analysis revealed markedly enhanced

production of PPAR-c and Acrp30 (adipogenesis-related

proteins) in the presence of insulin (Fig. 2B). However, SP

lowered both PPAR-c and Acrp30 synthesis, in which the

inhibition was specific for Acrp30. SPP produced a similar

inhibitory pattern, although SPP was superior to SP.

Effects on daily feed consumption

The daily consumption of normal feed was 3.7–4.1 g/

mouse (Fig. 3). However, the consumption of the D12451

HFD remarkably decreased by 20% (2.8–3.5 g/mouse),

which may be due to the reduced palatability to a high

content of lard (20.69%). By comparison, SP or SPP sup-

plementation did not markedly affect the HFD intake,

although there were weekly fluctuations for 8 weeks.

Effects on body weight

Mice fed a HFD displayed higher body weight gain than

the control animals fed the D12450B normal diet (Fig. 4A,

B). However, SP supplementation attenuated the body

weight increase from 10 days after the initiation of feeding,

leading to 35% lower body weights at 8 weeks in the 3.0%

Fig. 1 Effects of silk peptide

(SP) and silkworm pupa peptide

(SPP) on the hormone-induced

adipogenesis. 3T3-L1 cells were

treated with various

concentrations (1, 10, or

50 lg/mL) of SP or SPP and a

hormone sensitizer (insulin,

5 lg/mL) for 4 days, and then

lipid was quantified with

adipogenesis kit after staining

with Oil red O. Pictures

A–D were taken just before

extracting the Oil red O using

IX51 inverted microscope

system (40X, Olympus, Tokyo,

Japan). A control; B insulin

alone; C insulin ? SP

(50 lg/mL); D insulin ? SPP

(50 lg/mL); E insulin ? SP

(1–50 lg/mL); F insulin ? SPP

(1–50 lg/mL). Values with the

same superscript letter (a–c) are

not significantly different

(P \ 0.05)
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SP-fed group. Notably, SPP exhibited higher body weight-

suppressive efficacy than SP, resulting in a 55% decrease

after the 8-week feeding of 3.0% SPP.

Effects on fat weight

Weights of epididymal and mesenteric adipose tissue

increased to 245% and 165% of control group, respec-

tively, after the 8-week feeding of HFD (Fig. 4C, D). This

HFD-induced increase in fat tissues was greatly suppressed

by supplementation of the diet by 0.3–3.0% SP or SPP.

Effects on abdominal fat distribution

MRI analysis of abdominal adipose tissues revealed a

30–33% occupation in normal mice and an increase to

47–52% in the HFD-fed group (Fig. 5). Such an increase in

the abdominal distribution of fat tissue was lowered by SP

and SPP supplements in a concentration-dependent manner,

leading to a normal level in the 3.0% SPP group (Fig. 5C, D).

Effects on adipocyte size

The size of epididymal adipocytes increased by 70% in

mice fed HFD compared with cells in the control group

(Fig. 6; Supplementary Fig. 1). The increased cell size was

inhibited by supplementation with 1.0–3.0% of SP or SPP,

resulting in suppression to a normal level at 3.0% of either

supplement.

Effects on hepatic lipid accumulation

Livers of mice fed HFD for 8 weeks revealed many lipid

droplets (Supplementary Fig. 2). Steatosis was attenuated

by supplementation with SP or SPP, in which 3.0% SPP

fully resolved the fatty liver.

Effects on blood parameters

In the blood of HFD-fed mice, significantly higher leptin

and Acrp30 levels were detected than in control animals

(Table 2). The increases in blood leptin and Acrp30 were

attenuated by SP and SPP, although SPP was superior to SP

at all concentrations. HFD also enhanced blood TG and

cholesterol, in which TG was reversed by SP (0.3 and

3.0%) and SPP (0.3–3.0%), although cholesterol was sig-

nificantly reduced by only 1.0% SPP. Notably, HFD

increased blood glucose level, but it was significantly

recovered by 1.0% SP and 1.0–3.0% SPP.

Fig. 2 Effects of silk peptide (SP) and silkworm pupa peptide (SPP)

on the hormone-induced mRNA expression of adipogenesis-derived

genes, leptin and Acrp30 (A) and production of adipogenesis-related

proteins, peroxisome proliferator-activated receptor-c (PPAR-c), and

Acrp30 (B). 3T3-L1 cells were treated with 1 or 50 lg/mL of SP or

SPP and insulin (5 lg/mL) for 4 days, and then mRNA and proteins

were analyzed by RT-PCR and Western blotting using optimal

primers and specific antibodies, respectively

Fig. 3 Daily consumption (g/mouse) of a high-fat diet (HFD)

containing silk peptide (A) or silkworm pupa peptide (B). Symbols:

circle, normal diet; filled circle, HFD alone; filled inverted triangle,

HFD ? 0.3% peptides; filled square, HFD ? 1.0% peptides; filled
diamond, HFD ? 3.0% peptides. Values with the same superscript

letter are not significantly different (P \ 0.05)
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Discussion

The present study confirmed that SP and SPP supplemen-

tation attenuate body weight gain of HFD-fed animals by

decreasing the accumulation of body fats and the size of

adipocytes. These results are due to SP- and SPP-mediated

inhibited adipogenesis of adipocytes by blocking adipo-

genic gene expression and protein synthesis.

Obesity is a major risk factor of degenerative disorders

such as diabetes mellitus, hypertension, cardiovascular

diseases, and inflammatory diseases [33]. Interestingly, the

distribution of body fats differently affects disease mor-

bidity [34]; especially, abdominal adipose tissue decreases

insulin tolerance, while it enhances the incidence of ath-

erosclerosis and cardiovascular diseases [35, 36].

Since body fats are synthesized in mature adipocytes

through processes of differentiation and maturation of

preadipocytes, many investigations have focused on adi-

pogenic signal transduction to develop anti-obesity mate-

rials. Preadipocytes differentiate and mature in response to

hormones including insulin via expression of adipogenic

genes such as PPAR-c, CCAAT/enhancer-binding proteins,

and sterol regulatory element-binding proteins and produce

TG [37, 38]. In the present study, 3T3-L1 preadipocytes

induced by insulin (5 lg/mL), dexamethasone (0.25 lM),

and IBMX (0.5 mM) also produced more TG (50–70%

increase) than non-stimulated cells.

Whereas SP significantly suppressed maturation and

adipogenesis of 3T3-L1 cells at 50 lg/mL, a concentration

inducing mild cytotoxicity (10–100 lg/mL), SPP produced

similar effects at concentrations as low as 10 lg/mL, which

were much lower than its cytotoxic concentration

(1,000 lg/mL). Analyses of transcriptional factors have

demonstrated that the anti-adipogenic effects of SP and

SPP are due to their inhibition of gene expression of leptin

[31, 32] and Acrp30, as well as the synthesis of PPAR-c
and Acrp30 proteins. Interestingly, SPP was superior to SP

in the inhibition of cell signaling, differentiation, matura-

tion, and adipogenesis. Similarly, a study demonstrated that

grape seed dregs inhibit PPAR-c protein synthesis and

following TG accumulation at 100 lg/mL [28]. By com-

parison, SPP presently suppressed PPAR-c production and

Fig. 4 Effects of silk peptide (SP, A and C) or silkworm pupa

peptide (SPP, B and D) on the body weight gain (A and B) and

epididymal (C) and mesenteric (D) fat weights of mice fed a high-fat

diet (HFD). Symbols: circle, normal diet; filled circle, HFD alone;

filled inverted triangle, HFD ? 0.3% peptides; filled square,

HFD ? 1.0% peptides; filled diamond, HFD ? 3.0% peptides. Val-

ues with the same superscript letter (a–c) are not significantly

different (P \ 0.05)
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TG accumulation at 1 and 10 lg/mL, respectively, which

were much lower than the effective concentration of grape

seed dregs.

The body weight gain of mice fed the D12451 HFD

markedly increased in spite of the reduced consumption of

HFD (about 20%), compared to normal diet. However,

supplementation of SP and SPP in HFD for 8 weeks

reduced body weight gain; especially, 3.0% SPP exerted a

55% reversing effect. Such body weight-controlling effects

of SP and SPP likely reflect decrease in body fat weights.

Presently, the reduction of fat weights was due to the

lowered amount of fat tissue as well as the decreased size

of adipocytes, which were confirmed from MRI analysis on

the abdominal fat distribution, direct measurement of fat

weights, and image analysis of adipocytes. Notably, SP and

SPP significantly reduced the epididymal and mesenteric

adipose tissues, implying that they can display a beneficial

effect on abdominal fats, which induce metabolic syn-

drome, rather than subcutaneous fats [35].

In our previous study [26], silk amino acids (SAA-1)

and silkworm pupa amino acids (SAA-3) reduced the body

weight gain of resting animals. Furthermore, SAA-3

facilitated exercise-induced reduction of body weight gain,

leading us to a conclusion that intake of SAA-3 during

exercise synergistically decreases the body weight gain. In

the present study, it was confirmed that peptides (SP and

SPP), prior to complete degradation to amino acids, also

attenuate body weight gain of mice with obesity induced by

HFD. It is of interest to note previous reports that SAA

greatly enhances stamina (forced swimming time) in ani-

mals and humans not only by blocking tissue (muscle)

damages, but also by preserving energy sources, in spite of

marked body weight-reducing activity [26, 27]. Also,

SAA-1 significantly improves physical function of Par-

kinson’s disease model rats [39], and SP recovers cognitive

(learning and memory) function of facilitated brain-aging

model animals [40].

Fig. 5 Effects of silk peptide

(SP) or silkworm pupa peptide

(SPP) on the distribution of

abdominal adipose tissue of

mice fed a high-fat diet (HFD).

A Normal diet; B HFD alone;

C HFD ? 3.0% SP;

D HFD ? 3.0% SPP. Figures

E and F display transverse and

coronal sections of magnetic

resonance images as shown left
and right panels in A–D,

respectively. Values with the

same superscript letter (a–c) are

not significantly different

(P \ 0.05)

Fig. 6 Effects of silk peptide (SP) or silkworm pupa peptide (SPP) on

the size of epididymal adipocytes of mice fed a high-fat diet (HFD).

Values with the same superscript letter (a–c) are not significantly

different (P \ 0.05)
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Presently, the long-term application of an HFD increased

blood TG, cholesterol, and glucose; these changes reflected

changes in their regulatory hormones, Acrp30 and leptin. In

addition, HFD caused hepatic accumulation of TG, as con-

firmed by microscopic examination. Interestingly, SP and

SPP reversed the increased blood parameters of lipid

metabolism and related hormones as well as glucose, and the

lipid deposition in the liver. Such beneficial effects of silk

products (proteins, peptides, and amino acids) on blood

glucose and lipids have been reported by many investigators

including our group [20–25]. It was proposed that the lipid-

and/or glucose-controlling effects of silk protein hydroly-

sates were due to their up-regulating activities on the leptin

and insulin secretion [21, 22]. In this study, we present

additional molecular signaling factors Acrp30 and PPAR-c
for their anti-obesity and anti-diabetic activities.

In our repeated-dose toxicity tests, SAA and SP did not

induce adverse effects on general physical functions and on

the immune system [41]. Taken together, it is suggested

that SP and SPP inhibit adipogenesis by blocking adipo-

genic gene expression and protein synthesis, resulting in

lowered body weight gain, and that they could be prom-

ising adverse-free candidates for the improvement of die-

tary obesity.
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